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Background: EphA2 is an oncoprotein and tyrosine kinase
receptor that is overexpressed in ovarian and many other
cancers. We investigated the effects of reduced EphA2 levels
on tumor growth and the tumor microenvironment in an
orthotopic ovarian cancer model. Methods: The effect of the
EphAZ2-agonistic monoclonal antibody EAS, alone or in
combination with paclitaxel, on the growth of ovarian cancer
cells (SKOV3ipl, HeyA8, and HeyASMDR [taxane—plati-
num resistant]) was determined in vitro and in vive by
immunoblotting, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide assay, and immunohistochemical anal-
ysis. Expression of EphA2 and markers of angiogenesis
(CD31, vascular endothelial growth factor [VEGF], and
basic fibroblast growth factor), proliferation (proliferating
cell nuclear antigen), and endothelial cell apoptosis (CD31-
terminal deoxynucleotidyl transferase biotin—deoxyuridine
triphosphate nick-end labeling colocalization) and phos-
phorylation of Src were analyzed by immunoblotting,
immunohistochemistry, immunofluorescence, and in situ
hybridization in tumors from treated mice. Statistical tests
were two-sided. Results: EAS antibody treatment led to a
more than 90% reduction in EphA2 expression in HeyAS8
tumors in vivo. In mice bearing orthotopic SKOV3ipl or
HeyAS8 tumors, 4 weeks of EAS treatment resulted in tumors
that weighed 31% and 45% less, respectively, than those in
control (IgG-treated) mice (95% confidence interval [CI] =
=0.09% to 71% and 20% to 70%, P = .27 and .01, respec-
tively). Combination therapy with EAS and paclitaxel
reduced tumor weight by 77% and 80% (95% CI = 63% to
91% and 68% to 91%), respectively, compared with pacli-
taxel alone and by 92% and 88% (95% CI = 87% to 97%
and 80% to 94%), respectively, compared with IgG alone.
Combination therapy also reduced the weight of HeyASMDR
tumors by 47% (95% CI = 24% to 72%) compared with
paclitaxel. Mice bearing SKOV3ipl or HeyA8 tumors that
were treated with combination therapy survived longer than
those treated with paclitaxel alone (median survival = 144
versus 69 days and 46 versus 37 days, respectively). EAS-
treated tumors had reduced microvascular density, prolif-
eration, and VEGF protein and mRNA levels, with increased
endothelial cell apoptosis. EphA2 was associated with Src,
which was rapidly dephosphorylated after EAS treatment.
Conclusions: EAS in combination with paclitaxel decreased
tumor growth in an orthotopic ovarian cancer mouse model
through antiangiogenic mechanisms associated with reduced
levels of VEGF and phosphorylated Src. Humanized anti-
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body constructs against EphA2 are worthy of future study.
|[J Natl Cancer Inst 2006;98:1558-70]

Ovarian cancer remains the most common cause of death from
gynecologic malignancy (7). Approximately 75% of patients
present with stage III or I'V disease (2,3), and the 5-year survival
of such patients remains low, at 11%-31% (1,3). Although most
patients with advanced-stage disease will die of the disease, more
than 70% have a favorable initial response to surgery and chemo-
therapy and a substantial fraction will respond to second-line
therapies.

Biologically targeted therapies, such as cetuximab, bevaci-
zumab, trastuzumab, and imatinib, have led to favorable re-
sponses in cancer therapy (4—7) and are being used in clinical
trials for ovarian cancer. Many of these new compounds target
receptor protein tyrosine kinases, which provide potent signals
that often favor cell growth and survival. Among this class of
targets, several independent lines of investigation have converged
on the idea that the EphA2 receptor tyrosine kinase might pro-
vide a strong candidate for targeted intervention against cancer
(8—10). EphA2 was first linked with neuronal migration during
embryonic development (7/-14). Subsequently, many tumor
cells have been shown to overexpress this protein, and high lev-
els of EphA2 are sufficient to promote many different aspects of
a malignant phenotype, including proliferation, survival, migra-
tion, invasion, and angiogenesis (9,15-21).

EphA2 overexpression has been observed in many human
cancers, including lung, breast, prostate, colorectal, melanoma,
and esophageal malignancies (15,20,22-29). EphA2 overexpres-
sion is common in ovarian cancer, relates to disease severity, and
is predictive of poor outcome in patients with ovarian cancer
(30). In addition, EphA2 overexpression leads to its constitutive
association with a number of signaling molecules including focal
adhesion kinase (3/), which is also commonly overexpressed in
ovarian carcinomas (30). Consistent with these findings, recent
studies have demonstrated that reducing EphA2 levels is effective
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in reducing tumor growth in experimental models of ovarian,
breast, and pancreatic cancers (32—34).

One intriguing method of EphA2 reduction is through the use
of agonistic antibodies (33). These antibodies function in the
same manner as ephrin-Al, the primary ligand for EphA2, in
binding to the extracellular domain of EphA2, triggering recep-
tor internalization and subsequent proteolysis (35). Although
most previous studies have focused on the direct effects of
EphA2 antibodies on tumor cell growth and survival, we con-
sidered the possibility that reduced EphA2 levels could also ex-
ert effects on the local tumor microenvironment. To evaluate
this hypothesis in the context of a physiologically relevant
model, we investigated the antitumor effects of EphA2-agonistic
antibodies using orthotopic ovarian cancer models. We also ex-
amined the effects of those antibodies on markers of angiogen-
esis and potential mechanisms by which antiangiogenic effects
were mediated.

MATERIALS AND METHODS
Cell Lines and Culture

The ovarian cancer cell lines HeyA8 and SKOV3ipl were a
kind gift of Dr Isaiah J. Fidler (36) and were maintained in
RPMI-1640 supplemented with 15% fetal bovine serum (FBS)
and 0.1% gentamycin sulfate (Gemini Bioproducts, Calabasas,
CA). The HeyASMDR cell line, a taxane-resistant line that was
generated by sequential exposure to increasing concentrations
of paclitaxel (Bristol-Myers Squibb, New York, NY), was
maintained in the above media with 300 pg/mL of paclitaxel.
Endothelial cells isolated from the mesentery or ovary of the im-
mortomouse (37), a kind gift of Dr Robert Langley, were main-
tained in Dulbecco’s modified Eagle Medium with 10% FBS.
These SV40-transformed cells proliferate indefinitely at 33 °C,
but at 37 °C SV40 expression is inactivated and cells proliferate
for only a few more cycles. These cells were maintained at 37 °C
for 48 hours before any experiments were performed to allow
elimination of SV40 expression. All in vitro experiments were
conducted with cells at 60%—-80% confluence.

For testing effects of the EAS mouse monoclonal antibody
(MedImmune, Inc) on SKOV3ipl and HeyAS8 ovarian cancer
cells or murine endothelial cells growing in monolayer culture,
various concentrations of the antibody were added to cells
at 60% confluence. At various time points after addition of
antibody, supernatant was collected for analyzing secreted vas-
cular endothelial growth factor (VEGF), and cells were har-
vested and lysed, as described in the following section. Cells
exposed to identical concentrations of murine IgG (clone 17,
MedImmune, Inc) were used for controls. For analysis of
effects of EA5 on Src and VEGF, additional controls included
treatment of SKOV3ipl cells with the Src inhibitor PP2 or its
inactive form PP3 (Calbiochem, La Jolla, CA) or the protein
tyrosine phosphatase (PTPase) inhibitor pervanadate (Sigma
Chemical Co, St Louis, MO), with or without one-time EAS
treatment.

Preparation of Cell and Tumor Lysates

Lysates of cultured cells were prepared by washing cells with
PBS and then incubating them in modified RIPA buffer (50 mM
Tris, 150 mM NacCl, 1% Triton X-100, 0.5% deoxycholate) with
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the addition of 25 pug/mL leupeptin, 10 pg/mL aprotinin, 2 mM
EDTA, and 1 mM sodium orthovanadate (Sigma) for 10 minutes
at 4 °C. Cells were then removed from plates by scraping and
centrifuged at 11000g for 20 minutes at 4 °C. The supernatant
was stored at —80 °C. Lysates were prepared from tumors that
had been resected from mice at the conclusion of therapy ex-
periments (see below), snap frozen in liquid nitrogen immedi-
ately after removal, and stored at —80 °C. A portion of the tissue
(~50-100 mm?) that was confirmed (by staining with hematoxy-
lin and eosin) to contain tumor was incubated on ice in RIPA
lysis buffer with 4x protease inhibitors (listed above) for 2
hours, homogenized with a mortar and pestle, and centrifuged at
11000g for 20 minutes at 4 °C, and the supernatant was stored
at —80 °C.

Immunoblot and Immunoprecipitation Analysis

Protein concentrations of lysates were determined using a
BCA Protein Assay Reagent kit (Pierce Biotechnology, Rockford,
IL). Lysates (25-50 pg protein) were separated on 10% sodium
dodecyl sulfate—polyacrylamide gels. Proteins were transferred
to a nitrocellulose membrane by semidry electrophoresis (Bio-
Rad Laboratories, Hercules, CA), and the membranes were
incubated overnight at 4 °C with primary antibody (mouse anti-
human/mouse EphA2 monoclonal antibody [clone D7, Upstate,
Lake Placid, NY], mouse anti-human VEGF monoclonal anti-
body [Upstate], mouse anti-human/mouse v-Src monoclonal anti-
body [Calbiochem], rabbit anti-human/mouse phosphorylated-
SrcY#1? monoclonal antibody [Cell Signaling, Danvers, MA], or
mouse anti-human PTP-Basophil monoclonal antibody [FAP-1,
Calbiochem]). Of note, the anti-EphA2 antibody recognizes both
murine and human EphA2 and was used for immunoblot analysis
of both ovarian cancer cells and murine endothelial cells, as per
the manufacturer. Antibody binding was detected by incubating
blots with 1 pg/mL horseradish peroxidase (HRP)-conjugated
horse anti-mouse IgG or horse anti-rabbit IgG (Amersham,
Piscataway, NJ). HRP was visualized by use of an enhanced
chemiluminescence detection kit (Pierce). Equal loading and
transfer were confirmed by probing the blots for B-actin (using
0.1 pg/mL of anti—B-actin primary antibody; Sigma). Band inten-
sity was analyzed with Scion Image software (National Institutes
of Health, Bethesda, MD), using B-actin as a control for each
sample. For each individual lane, band intensity relative to its
own actin control is presented in bar graph form below each
immunoblot.

For immunoprecipitation studies, 500 pg of cell lysate was
incubated with 6 pL of primary antibody (anti-pY [Upstate],
anti-EphA2 [Upstate], or anti-Src [monoclonal antibody 327,
Oncogene Sciences, Manhasset, NY]) for 30 minutes at 4 °C.
Protein A sepharose beads (60 uL of'a 1: 1 dilution in PBS) were
then added, and the mixture was incubated for 30 minutes at
4 °C. Laemmli buffer was added to dislodge complexes from
beads, and beads were separated by centrifugation at 3500g
for 5 minutes at 4 °C. The supernatants were then used for
immunoblot analysis as described above with the appropriate
antibodies.

Cell Viability Assay

HeyAS cells (2 x 10%) were plated in each well of a 96-well
plate. Three wells were used for each experimental condition.
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Twenty-four hours after plating, the medium was replaced with
serum-containing growth media (RPMI-1640 supplemented with
15% FBS and 0.1% gentamycin sulfate) containing 10 pg/mL of
EAS5 or of the nonspecific mouse IgG clone 17 (MedImmune,
Inc). At various times after antibody exposure, growth was as-
sessed by adding 50 pL of 0.15% 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) (Sigma) to each well.
After incubation for 2 hours at 37 °C, the medium was removed,
and cells were reconstituted in 100 pL of dimethyl sulfoxide
(Sigma). The plate was shaken briefly to mix the samples, and the
absorbance at 570 nm was recorded using a FALCON microplate
reader (Becton Dickinson Labware, Franklin Lakes, NJ). Each
data point was obtained by calculating the average of the three
duplicate wells for each condition. In some experiments, cells
were exposed to 10 pg/mL EAS or IgG for 24 hours, and then
increasing concentrations of docetaxel were added. The number
of viable cells was assessed by MTT assay 5 days later. The con-
centration of docetaxel required for 50% inhibition of cell growth
(ICs0) was determined by calculating the mean optical density
(OD) at 570 nm ([max OD — min OD]/2 + min OD) and finding
the docetaxel concentration at which this OD reading intersected
the dose—response curve.

Orthotopic In Vivo Model and Tissue Processing

Female athymic nude mice (NCr-nu) were purchased from
the National Cancer Institute—Frederick Cancer Research and
Development Center (Frederick, MD) and housed in specific
pathogen—free conditions. They were cared for in accordance with
guidelines set forth by the American Association for Accredita-
tion of Laboratory Animal Care and the US Public Health Service
Policy on Human Care and Use of Laboratory Animals. All mouse
studies were approved and supervised by the M. D. Anderson
Cancer Center Institutional Animal Care and Use Committee.

For in vivo injection, cells were treated with trypsin to remove
them from culture plates and centrifuged at 110g for 7 minutes at
4 °C, washed twice in PBS, and reconstituted in Hanks’ balanced
salt solution (Gibco, Carlsbad, CA) at a concentration of 5 x 100
cells/mL (SKOV3ipl and HeyASMDR) or 1.25 x 10° cells/mL
(HeyAS8) for 200 pL intraperitoneal injections. For analysis of
short-term effects of treatment, mice (n = 2-3 per group) with
intraperitoneal HeyA8 tumors (established tumors) that were pal-
pable (i.e., 17 days after cell injection) were treated with IgG,
EAS, paclitaxel, or combination therapy, as described for each
experiment. For long-term experiments to assess tumor growth,
therapy began 1 week after injection of cells (same number of
cells as for short-term experiments). Mice were divided into four
treatment groups (n = 10 mice per group): 1) control IgG, 2) EAS
anti-EphA2 antibody, 3) paclitaxel plus control IgG, or 4) pacli-
taxel plus EAS. Antibodies were diluted in PBS and injected in-
traperitoneally twice per week, at a dose of 10 mg/kg, in a volume
of 180-220 pL (depending on mouse weight). Paclitaxel was di-
luted in PBS and injected intraperitoneally once a week, at a dose
of 100 pg, in 200 puL. Mice were monitored for adverse effects,
and tumors were harvested after mice were sacrificed by cervical
dislocation, following 3—4 weeks of therapy. If any mouse in any
group began to appear moribund or any tumor-bearing mouse
was found dead from tumor burden, all mice in the entire experi-
ment were killed together. Mouse weight, tumor weight, number
of nodules, and distribution of tumor were recorded. Tissue sam-
ples were snap frozen for lysate preparation as described above,
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fixed in formalin for paraffin embedding, and frozen in optimal
cutting temperature (OCT) media for preparation of frozen slides.
Frozen tissues in OCT were cut into 8-um sections, mounted on
positive-charged slides, and air dried for 30 minutes. Additional
survival experiments were performed in which treatment was ini-
tiated 7 days after cell injection and followed the same schedule
as above. An additional survival experiment was conducted in
mice with established HeyAS8 tumors, in which therapy was initi-
ated 17 days after cell injection, rather than 7 days after cell in-
jection. The only endpoint of these experiments was the date of
death. This date was recorded as the day before a mouse was
found dead or on the day a mouse was killed. Survival experi-
ments were terminated at 100 days or, in the case of SKOV3ipl,
at 150 days so that the median survival time could be reached.
The remaining mice were then killed, and the presence and
weight of any tumor recorded.

Immunohistochemistry

Immunohistochemical analysis of EphA2, VEGF, and bFGF
was conducted on established tumors from mice that were
treated by intraperitoneal injection with two doses (on days 1
and 4) of EA5 at 10 pg/mL in 200 pL. Mice were killed on days
1,4, 5, and 7 (three mice each day), and the tumors were har-
vested for analysis. Immunohistochemical analysis of PCNA
and CD31 was conducted on tumors collected at the conclusion
of 3—4 weeks of therapy. Formalin-fixed, paraffin-embedded
tissue samples (used for analysis of all antigens except CD31)
were cut into 8-pum sections and washed sequentially in xylene,
100% ethanol, 95% ethanol, 80% ethanol, and PBS. Antigen
retrieval was then performed by heating slides in a steam
cooker for 10 minutes in 0.2 M Tris buffer, pH 9.0 (for EphA2);
microwave heating slides for 5 minutes in 0.1 M citrate buffer,
pH 6.0 (for PCNA); and incubating slides in 0.5% pepsin at
37 °C for 20 minutes (for VEGF and bFGF). CD31 was analyzed
in freshly cut (8 um) OCT-embedded tissue frozen in liquid
nitrogen. These slides were fixed in cold acetone for 10 min-
utes and did not require antigen retrieval. Endogenous perox-
ide was blocked by treating slides with 3% H»O, in methanol
for 5 minutes. After two washes in PBS, slides were blocked
with 5% normal horse serum and 1% normal goat serum in
PBS (blocking solution) for 15 minutes at room temperature and
then incubated with primary antibody to CD31 (PECAM-1,
rat IgG, Pharmingen, San Diego, CA), PCNA (PC-10, mouse
IgG, DakoCytomation, Carpinteria, CA), VEGF (rabbit IgG,
Santa Cruz Biotechnology, Santa Cruz, CA), or bFGF (rabbit
IgG, Sigma) in blocking solution overnight at 4 °C. After two
washes with PBS, the appropriate HRP-conjugated secondary
antibody in blocking solution was added for 1 hour at room
temperature. Slides were stained with DAB substrate (Phoenix
Biotechnologies, Huntsville, AL) for 5 minutes, washed, and
counterstained with Gil No.3 hematoxylin (Sigma) for 20 sec-
onds. A slightly different procedure was used for immunohis-
tochemical analysis of EphA2. After the slides were treated to
block endogenous peroxidase activity, they were incubated
with 0.13 pg/mL mouse IgG Fc blocker (Jackson Laboratory,
Bar Harbor, ME) for 2 hours before incubation with the pri-
mary antibody (EAS5 clone, Medlmmune, Inc). For EphA2
staining, 0.5% blocking reagent was used (from the TSA biotin
system kit, PerkinElmer Applied Biosystems, Boston, MA),
and to visualize antibody binding it was necessary to enhance
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the signal by treating slides with 1.5 pg/mL biotinylated horse
anti-mouse antibody (Vector Laboratories, Burlingame, CA)
for 10 minutes at room temperature, followed by 0.75 pg/mL
streptavidin—-HRP (DakoCytomation, Carpinteria, CA) for 30
minutes. After PBS wash, DAB was added for 7 minutes, and
slides were counterstained with hematoxylin and mounted
under coverslips.

Terminal Deoxynucleotidyl Transferase
Biotin—Deoxyuridine Triphosphate Nick-End
Labeling—CD31 Colocalization Studies

Terminal deoxynucleotidyl transferase biotin—deoxyuridine
triphosphate nick-end labeling (TUNEL)-CD31 staining was
conducted on established tumors from short-term therapy exper-
iment described above treated with two doses (days 1 and 4) of
10 pg/mL EAS and collected from mice killed on days 1, 4, 5, and
7 (three mice per day). Tissue was placed immediately in OCT
media and frozen rapidly in liquid nitrogen (38,39). Slides were
fixed in acetone for 5 minutes, in acetone : chloroform (vol/vol)
for 5 minutes, and then in acetone for 5 minutes. They were then
washed with PBS, blocked with 10% fish gelatin in phosphate-
buffered saline (PBS) for 20 minutes, and exposed to 1:400 rat
anti-CD31 antibody (PECAM-1, rat IgG, Pharmingen) in block-
ing solution for 18 hours at 4 °C followed by 1:200 anti-rat
secondary antibody labeled with Texas Red (Molecular Probes,
Eugene, OR). Slides were washed in PBS, fixed again in 4%
paraformaldehyde in PBS, washed twice in PBS, and incubated
with 0.2% Triton X-100 in PBS for 15 minutes. After two more
washes in PBS, slides were incubated for 10 minutes with the
equilibration buffer provided in the TUNEL detection kit (Pro-
mega, Madison, WI). Equilibration buffer was removed, and
reaction buffer (consisting of kit-provided equilibration buffer,
fluorescein-12-dUTP, and terminal deoxynucleotidyl transferase
[TdT] enzyme) was then added. After a 1-hour incubation at
37 °C in the dark, the reaction was stopped by addition of the
provided 2x standard saline citrate (SSC) buffer for 15 minutes.
Excess dUTP was removed by washing, and nuclei were stained
with 1.0 pg/mL Hoescht (Molecular Probes, in PBS) for 10 min-
utes. Slides were covered with propylgallate and coverslips for
microscopic evaluation. Microscopy was performed with a Zeiss
AxioPlan 2 microscope, Hamamatsu ORCA-ER digital camera,
and ImagePro software. The total number of CD31-positive cells
(red staining), and apoptotic CD31-positive cells (red cells plus
green nuclei) were counted. Controls included a slide exposed to
only secondary antibodies, one in which reaction buffer did not
contain TdT, and one subjected to DNA fragmentation (positive
control).

In Situ Hybridization

VEGF mRNA levels were assessed in formalin-fixed, paraffin-
embedded tissue from the short-term experiment on estab-
lished tumors described above that had been sectioned and
mounted on ProbeOn slides using the Microprobe manual system
(Fisher Scientific, Pittsburgh, PA). Slides were deparaffinized
and rehydrated as described above and subjected to enzymatic
digestion with pepsin (Dako) for 20 minutes at 37 °C. Slides
were incubated with a biotinylated VEGF probe with the se-
quence 5-TGGTGATGTTGGACTCCTCAGTGGGCU-3' (1:200
dilution in PBS), for 60 minutes at 45 °C. They were then
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washed three times, for 2 minutes each, in 2x SSC at 45 °C, in-
cubated with alkaline phosphatase—labeled avidin (Dako) for
30 minutes at 45 °C, rinsed in 50 mM Tris—HCI buffer (pH 7.6),
exposed to alkaline phosphatase enhancer (Biomeda Corp, Fos-
ter City, CA) for 1 minute, and finally incubated with Fast Red
chromagen substrate (Research Genetics, Carlsbad, CA) for 30
minutes at 45 °C. Red staining indicates a positive reaction. Con-
current controls were performed. The negative control included
all steps, with elimination of biotinylated probe from the hybrid-
ization reaction. The positive control used a poly(dT),¢ oligonu-
cleotide, which provided both confirmation of mRNA integrity
and a comparison group for analysis of stain intensity. All sam-
ples, including controls, were tested together in a single experi-
mental run. For imaging analysis, regions at the periphery of the
tumor, representing the areas of greatest staining, were compared
between groups. Four photographs of each slide were taken. Ten
areas of each photograph were selected at random, and the histo-
gram output of mean staining intensity using the histogram tool
in Adobe Photoshop was recorded as intensity of staining. Both
the intensity of staining as given by histogram measurement and
a “relative” score are given. For relative scoring, the absolute
intensity measurement for the negative control is designated zero
and the absolute intensity measurement for the positive control is
designated 100, with relative intensity scores for experimental
samples calculated based on these reference points.

Enzyme-Linked Immunosorbent Assays

We analyzed EAS cross-reactivity to other Eph receptor iso-
forms, to define the specificity of the antibody. Maxisorp enzyme-
linked immunosorbent assay (ELISA) plates were coated with
EAS5 antibody (50 pL per well of 5 ug/mL antibody) overnight at
4 °C. Plates were washed with PBS and then blocked with 2%
bovine serum albumin, 0.1% Tween-20 in PBS. Recombinant
biotinylated Eph receptors (EphAl, EphA2, EphA3, EphA4,
EphAS, EphA6, EphA7, EphAS8, EphB1, EphB2, EphB3, EphB4,
and EphB6; R&D Systems, Minneapolis, MN) were then added
to the plates, which were incubated for 1 hour at 37 °C. The plates
were washed and exposed to 50 pL of neutravidin—HRP (Pierce)
(1:2500) in blocking solution for 1 hour at 37 °C, washed in
PBS, and incubated with 50 puL of KPL SureBlue TMB peroxi-
dase (Kirkegaard & Perry Laboratories, Gaithersburg, MD) for
10 minutes. The reaction was stopped with 50 uLL of 0.2 M H»SO4,
and the plate was read at 450 nm. For ELISA to examine levels of
secreted VEGF in the supernatant of treated cultured cells, the
VEGF Quantikine kit from R&D Diagnostics (Minneapolis, MN)
was used according to the manufacturer’s instructions.

Reverse Transcription—Polymerase Chain Reaction

Total RNA was isolated and prepared from HeyAS8 and
SKOV3ipl cells using the RNAeasy minikit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. Quantitative
reverse transcription—polymerase chain reaction (RT-PCR) for
EphA2 and EphA1 was performed using primer sets from Applied
Biosciences. As described previously (40), genes were amplified
using a Gene Amp 5700 Sequence Detection System (PerkinElmer
Applied Biosystems). The PCR cycling conditions were as
follows: 50 °C for 10 minutes, followed by 40 cycles of 95 °C for
30 seconds, 60 °C for 1 minute, and 72 °C for]l minute. The rela-
tive quantity of EphA2 and EphA1 gene products were calculated
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from the standard curve determined by amplification of the
GAPDH gene, according to the manufacturer (User Bulletin 2,
PerkinElmer Applied Biosystems). Each sample was assayed in
triplicate, and the entire experiment was duplicated once to con-
firm results.

Statistical Methods

Continuous variables were compared with the Student’s ¢ test
(between two groups) or analysis of variance (ANOVA; for all
groups) if normally distributed and the Mann—Whitney rank sum
test if distributions were nonparametric. To control for the effects
of multiple comparisons (i.e., in experiments analyzing treatment
with IgG, paclitaxel, EAS, or combination therapy), a Bonferroni
adjustment was made; for this analysis, a P value <.017 was con-
sidered statistically significant. For in vivo therapy experiments,
10 mice in each group were used, as directed by a power analysis
to detect a 50% reduction in tumor weight (beta error = 0.2).
ANOVA for tumor weight and log of tumor weight was used to
examine interactions between treatments. Survival curves were
plotted by the method of Kaplan and Meier and tested for differ-
ences with the log-rank statistic. A P<.05 on two-tailed testing
was considered statistically significant. All confidence intervals
(ClIs) are given at the 95% level.

REsuLTS

Effect of the Monoclonal Antibody EAS on EphA2
Expression

We began by examining the dose and kinetics by which the
agonistic antibody EAS5 influenced EphA2 protein levels. HeyAS8
or SKOV3ipl ovarian cancer cells were exposed to varying con-
centrations of EAS in vitro and subjected to immunoblot analysis
of EphA2 after 27 days (Fig. 1, A). A dose-dependent reduction
in levels of total EphA2 was observed, with 10 pug/mL resulting
in strong reduction in EphA2 for at least 3 days. Levels returned
to baseline by 7 days. The reduction in EphA2 levels was pre-
ceded by a rapid increase in phosphorylation of EphA2 (Fig. 1, B),
consistent with the agonistic nature of the antibody.

To confirm that this antibody was targeting EphA2 specifi-
cally without cross-reacting to other Eph subtypes, we performed
an ELISA analysis against recombinant biotinylated Eph recep-
tors. The binding of EAS5 was greatest for EphA2, with interme-
diate binding noted for EphA1 (data not shown). No binding was
noted for any of the other receptors. The SKOV3ipl and HeyAS8
cell lines were examined for EphA1 expression by RT-PCR and
found to be negative (data not shown).

We next sought to determine whether EAS might trigger a
similar reduction in EphA2 levels in vivo. To test the in vivo
effects of EAS, nude mice bearing intraperitoneal HeyA8 tumors
were injected intraperitoneally with a single dose of 5 or 10 mg/kg
of EA5 or with an isotype-matched antibody as a negative
control. One, 4, 5, and 7 days after injection, tumors were har-
vested and subjected to immunoblot and immunohistochemical
analysis of EphA2 expression. Immunoblot analysis (Fig. 1, C)
revealed a dose- and time-dependent effect of EAS on the level of
total EphA2, with reduction of at least 90% persisting for at least
7 days at the 10 mg/kg dose level in all mice tested (n = 8). Tu-
mor tissue subjected to immunohistochemical analysis confirmed
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Fig. 1. Dose- and time-dependent reduction of EphA2 with EAS treatment. A)
HeyA8 ovarian cancer cells were exposed to increasing doses of the agonistic
monoclonal antibody EAS or isotype control IgG for varying times. Cell lysates
were then subjected to immunoblot analysis of total EphA2. B) HeyAS cells were
exposed to 10 pg/mL of EAS or to IgG for varying times, and separate cell lysate
samples were analyzed for total EphA2 by immunoblotting or for phosphorylated
EphA2 by immunoprecipitation with an antiphosphotyrosine antibody followed by
immunoblotting for total EphA2. C) Mice (n = 8) bearing palpable intraperitoneal
HeyAS8 tumors (17 days after cell injection) were injected intraperitoneally with
a single dose of EA5 (5 or 10 mg/kg) or IgG (10 mg/kg). Mice were killed and
tumors were collected at 1, 4, or 7 days, and tumor lysates were analyzed by
immunoblot analysis for EphA2. Each lane represents a separate mouse. In
panels (A—C), the immunoblot is shown at the top and quantification of band
intensity relative to B-actin intensity is shown below. Results were confirmed
with a duplicated experiment. D) EphA2 expression in the tumors treated with
10 mg/kg EAS (analyzed in panel C) was assessed by immunohistochemistry.
Inset in IgG panel represents exposure of tissue to secondary antibody only, as
a negative control.

the effect of EAS on EphA2 levels (Fig. 1, D). Therefore, a dose
of 10 mg/kg twice per week was selected for subsequent long-
term therapy experiments.
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Long-Term Therapy of Orthotopic Ovarian
Tumors With EAS

To examine the potential therapeutic efficacy of EAS, we car-
ried out several analyses using an orthotopic model of advanced
ovarian cancer. The HeyA8 and SKOV3ipl1 cell lines were used
because they were derived from women with advanced, therapy-
refractory ovarian cancer and represent the extremes of growth
seen in human patients. We also used the HeyAMDR cell line, a
derivative of the parental HeyAS cell line that is resistant to tax-
ane and platinum compounds for in vivo long-term therapy stud-
ies. We analyzed this line because a common clinical problem in
ovarian cancer is the scenario of chemotherapy-resistant cancer.
Specifically, approximately 30% of tumors at initial presentation,
and about 70% of tumors at the time of recurrence, are resistant
to taxane—platinum chemotherapy (41).

To simulate advanced disease, we initiated therapy 1 week af-
ter tumor cell injection, during which time cells are allowed to
seed the peritoneum. Mice were assigned to one of four groups
(n = 10 mice per group): 1) isotype-matched control (IgG),
10 mg/kg twice per week; 2) EAS, 10 mg/kg twice per week;
3) paclitaxel, 100 pg, once per week, plus control IgG; or
4) paclitaxel, 100 pg, once per week, plus EAS [The combination
therapy group was included based on overwhelming clinical evi-
dence that drug combinations can provide additive or synergistic
benefit with regard to objective patient responses or survival rates
(3).] For these studies, treatment was continued until control
animals had clinically significant tumor burden and became

Fig. 2. Tumor size and survival of orthotopic
tumor—bearing mice treated with EAS5 alone
or in combination with paclitaxel. A—C) Mice
(n = 10 per treatment group, 40 per cell line)

Mean tumor weights

moribund (generally ~3 weeks for HeyA8 and HeyASMDR and
~4 weeks for SKOV3ipl), at which time all mice in an experi-
ment were killed together. Prolonged EAS5 therapy led to a reduc-
tion in the growth of HeyA8, SKOV3ipl, and HeyASMDR
tumors (Fig. 2). For the HeyAS8 cell line, treatment with EAS
alone led to a 45% (95% CI = 20% to 70%) reduction in tumor
weight compared with that in control mice (Fig. 2, A, P =.01).
For the SKOV3ipl cell line (Fig. 2, B), EAS treatment reduced
tumor weight by 31% (95% CI =—-9% to 71%, P = .27). In both
cell lines, the efficacy of EAS was comparable to that of pacli-
taxel alone. With the HeyASMDR cell line (Fig. 2, C), treatment
with EAS alone was not superior to control treatment (mean
tumor weight = 2.17 g [95% CI = 1.47 to 2.88 g] versus 1.88 g
[95% CI=1.45to 2.31 g], P =.77). Not surprisingly, paclitaxel
alone did not lead to a reduction in tumor weight (2.17 g [95%
CI = 1.47 to 2.88 g] versus 1.99 g [95% CI = 1.44 to 2.53 g],
P = 88). However, the combination of EA5 and paclitaxel was
superior to paclitaxel alone, with a 47% (95% CI = 24% to 72%)
reduction in tumor weight (P =.009).

Combination therapy with paclitaxel and EAS in mice with
HeyAS tumors resulted in an 80% (95% CI = 68% to 91%) reduc-
tion in tumor weight compared to treatment with paclitaxel/IgG
(P<.001). For SKOV3ipl tumors, combination therapy with pa-
clitaxel/EAS was also superior to that with paclitaxel/control IgG,
with a 77% (95% CI = 63% to 91%) reduction in tumor weight

(P =.009). No statistically significant interaction between EAS
and paclitaxel was evident in ANOVA on tumor weight, suggesting
that the combination had additive but not synergistic effects.

Individual weights Survival (days of life)

injected with HeyA8 (A), SKOV3ipl (B), or

HeyASMDR (C) ovarian cancer cells were 50
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treated by intraperitoneal injection with IgG (10
mg/kg twice per week), EAS (10 mg/kg twice
per week), IgG plus paclitaxel (Pac; 100 pg
once per week), or EAS plus paclitaxel. When
control mice were moribund (3—4 weeks after
cell injection), mice in all groups were killed,
tumors excised, and tumor weights recorded.
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Table 1. Characteristics of tumors after treatment with EAS5 with and without
paclitaxel*

Experimental No. of nodules,

Cell line group mean (95% CI) Pt Pt

HeyAS8 IgG 3.0(231t03.7) - .016
EA5 1.6 (1.2t02.0) .003 .36
IgG + paclitaxel 2.1(1.7t02.5) .032 51
EAS + paclitaxel 1.9(1.4t02.4) .016 -

SKOV3ipl 1gG 20.4 (14.1to0 26.1) - <.001
EAS 4.6 (2.6 t0 6.6) <.01 .005
IgG + paclitaxel 32(2.1t04.3) <.01 .002
EAS + paclitaxel 0.9(0.44t01.4) <.001 -

*Mice (n = 10 per group) injected intraperitoneally with HeyA8 or SKOV3ip1
ovarian cancer cells were treated for 4 weeks with control IgG antibody, the
EphA2-agonistic monoclonal antibody EAS, paclitaxel with IgG, or paclitaxel
with EAS as described in Methods. Mice were then killed, and the number of
nodules formed was determined. CI = confidence interval.

1P values determined for comparison with IgG alone by Student’s ¢ test.

IP values determined for comparison with EAS + paclitaxel group by
Student’s 7 test.

In addition to comparing tumor weight among the treatment
groups, we compared the numbers of nodules present at the con-
clusion of treatment (Table 1). In the HeyA8 model, treatment
with EAS5, paclitaxel, or combination therapy led to a statistically
significant reduction in the number of nodules compared with
that in IgG-treated controls. Combination therapy was not statis-
tically superior to single-agent therapy. In the SKOV3ip1 model,
which typically grows in a multifocal carcinomatosis pattern, all
three treatments also led to a statistically significant reduction in
the number of nodules. Furthermore, combination therapy fur-
ther reduced the number of nodules compared with either EAS or
paclitaxel alone.

Survival in Long-Term EAS Therapy of Ovarian Cancer

Based on the encouraging results with regard to inhibition
of in vivo tumor growth, we next examined the effects of EAS
therapy on survival. In these experiments, therapy was again ini-
tiated 1 week after tumor cell injection and continued with weekly
(paclitaxel) and twice weekly (IgG and EAS5) treatments as
described for the tumor growth experiments until each animal
became moribund. In mice bearing tumors derived from the
HeyAS cell line, survival was not prolonged in mice treated with
EAS5 alone (median survival = 27 days) compared with that in
control mice (median survival = 32 days, Fig. 2, D). Paclitaxel
led to a modest, but not statistically significant, improvement in
survival (median = 37 days) as compared with control mice.
The combination of EAS and paclitaxel yielded a statistically
significant survival advantage over paclitaxel alone (median
survival = 46 days, P = .016). This HeyAS cell line experiment
was continued for 100 days, with the same number of mice alive
at 100 days as were alive at 60 days (n = 4 for paclitaxel/EAS and
n =2 for paclitaxel/IgG). None of these mice had residual tumor
at necropsy.

Mice bearing SKOV3ip] tumors also showed a survival ben-
efit with combination therapy (Fig. 2, E). EAS alone did not im-
prove survival, with a median survival of 49 days for EAS and
51 days for control mice. Paclitaxel statistically significantly pro-
longed survival, with a median survival of 69 days (P<.01). The
combination of EAS and paclitaxel was substantially superior to
paclitaxel alone, with a median survival of 144 days (P<.001).
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After 150 days, the remaining living mice (two in the paclitaxel
group and five in the combination group) were killed. One of the
paclitaxel-treated mice had substantial tumor burden (1.45 g in
three nodules), and the other was tumor free. Two of the EAS/
paclitaxel-treated mice each had a small single-site tumor (0.37
and 0.66 g), and three had no visible tumor.

When first diagnosed, the majority of ovarian cancer patients
will undergo primary debulking surgery and therefore have mini-
mal residual disease when they start initial chemotherapy. How-
ever, women with recurrent or drug-resistant disease will usually
have varying degrees of tumor burden when considering treat-
ment options. Therefore, we examined the effects of initiating
EphA2-targeted therapy in mice with an existing HeyA8 tumor
burden. Therapy was initiated 17 days after HeyAS8 cell injection,
when mice had palpable tumors in the range of 0.5-0.75 cm?3.
Treatment was continued until death, and days of life were re-
corded (Fig. 2, F). Neither EAS nor paclitaxel therapy alone pro-
longed life compared with that in control mice, with a median
survival of 31 and 35 days, respectively, compared with 35 days
for control IgG. However, the combination of EAS and paclitaxel
resulted in statistically significant prolongation of survival, with
a median survival of 53 days (P =.047).

Antiproliferative Effects of EAS

To determine whether EAS has direct antiproliferative effects
on tumor cells, HeyAS8 cells were treated in vitro with either EAS
(10 pg/mL) or a control IgG antibody, and the number of viable
cells was assessed by MTT assay. There was no difference in vi-
ability of cells treated with EA5 and IgG at any time point tested
(Fig. 3, A). In similar experiments with EA5 in combination with
docetaxel, we observed no difference in the calculated ICs¢ when
compared with IgG (Fig. 3, B). That is, EA5 did not sensitize
HeyAS cells to docetaxel in vitro. (Docetaxel was used in place
of paclitaxel in these experiments because the diluent for this
taxane is more compatible with physiologic growth media than
that of paclitaxel).

Although proliferation was not affected in vitro, the in vivo
studies clearly showed reduced tumor growth in treated mice.
Therefore, we examined the effects of EAS, paclitaxel, and com-
bination therapy on proliferation in vivo by carrying out immu-
nohistochemistry analysis of PCNA in tumors from treated mice
(Fig. 3, C). Whereas in tumors treated with IgG, 51.5% (95% CI =
48.7% to 54.4%) of the nuclei were PCNA positive, only 21.5%
(95% CI = 15.5% to 27.6%) and 24.9% (95% CI = 21.7% to
28.0%) of cells were PCNA positive in tumors treated with EAS
or paclitaxel, respectively (P<.001 for both). Moreover, tumors
that had been treated with combination therapy showed an even
greater reduction in percentage of PCNA-positive cells, 12.9%
(95% CI =10.2% to 15.7%), a statistically significant reduction
compared with either treatment alone (P<.001). These data sug-
gest that the observed in vivo effects of EAS therapy on prolif-
eration were likely indirect.

Antiangiogenic Effects of EAS Therapy

One mechanism by which a compound may decrease tumor cell
proliferation in vivo without having direct cellular antiproliferative
effects is through indirect effects on the vasculature. Previous
evidence for a role of EphA2 in VEGF-mediated angiogenesis
(42—44) led us to consider the possibility that a reduction in EphA2
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Fig. 3. Effects of EAS therapy on viability and proliferation of ovarian cancer
cells. A) Viability of HeyA8 ovarian cancer cells was assessed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay at
increasing time points after cells were treated with a single dose of EAS or IgG
(10 pg/mL). Results were confirmed with duplicate experiments. Error bars
indicate 95% confidence intervals (CIs). B) Viability of HeyA8 ovarian cancer
cells was assessed by MTT 5 days after exposure to increasing concentrations
of docetaxel, which was added 24 hours after incubation with 10 pg/mL EAS or
1gG began. Error bars indicate 95% Cls. C) SKOV3ipl tumors collected at the
conclusion of the experiments in Fig. 2, A and B, were stained for proliferating
cell nuclear antigen (PCNA). Representative sections (final magnification =
x100) are shown, with mean percentages (and 95% Cls) of PCNA-positive cells.
PCNA positivity was analyzed in four fields per slide and at least three slides per
group (all from different mice).
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levels may have an antiangiogenic effect. We therefore assessed
microvessel density in these tumors by staining for CD31 (Fig. 4,
A). The mean number of vessels per field in tumors from control
(IgG treated) mice was 14.9 (95% CI = 13.5 to 16.3), whereas in
tumors treated with EAS there were an average of 8.1 vessels per
field (95% CI=7.0t0 9.2, P<.001). Microvessel density in tumors
in mice treated with paclitaxel/IgG was 14.1 (95% CI = 12.2 to
16.0) and that in mice treated with combination EA5/paclitaxel
was 6.1 (95% CI =5.0 to 7.1, P<.001). This outcome did not re-
flect a generalized decrease in tumor growth, because the mi-
crovessel density of paclitaxel-treated tumors was not statistically
significantly different from controls, despite the reduced tumor
weight seen with paclitaxel therapy.

To examine the rapid effect of EphA2 reduction on tumor-
associated endothelial cells, mice bearing intraperitoneal tumors
were treated with two doses of EAS and examined for endothelial
cell apoptosis by TUNEL analysis, with CD31 colocalization
(Fig. 4, B). Tumors from mice treated with IgG had prominent
vasculature and no apoptotic CD31-positive cells. In mice from
which tumors were taken 24 hours after treatment with a single
dose of EAS, a small percentage of CD31-positive cells (0.7%,
95% CI = 0.0% to 1.4%) were apoptotic. Similar percentages
were seen in tumor samples taken immediately before the second
EAS dose (i.e., 96 hours after the first dose; data not shown).
However, 48 hours after the second dose, a statistically signifi-
cant rise in the percentage of apoptotic CD31-positive cells (to
5.8%; 95% CI =2.9% to 8.6%, P =.036) was noted.

EphA2 is expressed on both tumor cells and angiogenic blood
vessels within the tumor microenvironment (25,29,30,33,45,46).
To determine if a direct effect of EA5 antibody on mouse endo-
thelial cell EphA2 expression could explain its observed antivas-
cular effects in vivo, we investigated whether EphA2 is expressed
on murine endothelial cells and if EAS treatment affects murine
EphA2 expression. Murine endothelial cells isolated from the
mesentery or ovary of the immortomouse (37) were exposed to
10 pg/mL of EAS and subjected to western blot analysis for total
EphA2 (Fig. 4, C). Antibody treatment for up to 72 hours did not
lead to a reduction in EphA2 expression at any time point in
either cell line compared with that in IgG-treated cells.

Effect of EAS on Angiogenic Cytokines

The observation that EAS5 does not affect murine EphA2
expression but does inhibit host angiogenesis led us to hypothe-
size that EAS may act on the tumor cells themselves to block the
production of angiogenesis-promoting factors, such as VEGF.
Therefore, we analyzed tumor VEGF expression in mice treated
with EAS. A slight reduction in VEGF protein expression was
seen 24 hours after the first dose of EAS, and a strong reduction
was noted 48 hours after a second dose (Fig. 5, A). The effects of
EAS on VEGF expression, like those on EphA2 expression (Fig.
1, D), were reversible, in that tumors collected 7 days after the
second dose showed prominent VEGF expression.

To determine if the reduction in VEGF protein was mediated
through a reduction in VEGF mRNA, the tumor tissues were sub-
jected to in situ hybridization using VEGF primers (Fig. 5, B).
VEGF mRNA levels were high in IgG-treated tissue (intensity
score of 89.5, 95% CI = 82.3 to 96.6), approaching that of the
Poly(dT)—positive control (assigned intensity score of 100).
Twenty-four hours after treatment with the second dose of
EAS, there was a modest reduction in intensity score, to 73.5
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Fig. 4. Antivascular effects of EAS5. A) Tumors
collected at the conclusion of therapy experiments
(Fig. 1, A and B) were subjected to immunohis-
tochemistry for CD31 to allow identification of
endothelial cells. A lumen with positive CD31 staining
was counted as a single microvessel. Representative
sections from each treatment group (P = paclitaxel)
are shown (final magnification=x100), with the mean
number of vessels per field (with 95% confidence
intervals) indicated at the right. Five fields per slide,
and at least three slides per treatment group, were
examined. Microvessel density was compared among
treatment groups with student’s 7 test and analysis of
variance. B) Mice bearing palpable HeyAS8 tumors
were treated with two doses (on days 0 and 3) of
10 mg/kg EAS injected intraperitoneally. Frozen
tumor sections were subject to immunofluorescence
analysis of CD31 (red), followed by terminal
deoxynucleotidyl transferase biotin—deoxyuridine
triphosphate nick-end labeling (TUNEL) assay to
identify apoptotic cells (green) (final magnification =
x200). Representative micrographs are shown,
with quantification on the right (the average of
10 frames for each group). C) Murine endothelial
cells extracted from the ovary or mesentery of the
immortomouse (37) and established in culture were
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(95% CI = 65.6 to 81.5, P = 0.11), and 4 days after treatment
there was a statistically significant reduction to 62.2 (95% CI =
58.0 to 66.4, P = .01, compared with IgG-treated controls).

We also examined EAS5 effects on expression of bFGF.
Antibody treatment did not decrease bFGF expression in tumors
(Fig. 5, C). Combined therapy had similar effects on VEGF and
bFGF levels as treatment with EAS alone, and no treatment effect
was noted with paclitaxel/control IgG, supporting the conclusion
that effects are mediated by EAS treatment. Decreased VEGF
expression in tumors was also noted on western blots of the
tumor lysate (Supplementary Fig. 1, available at: http://jnci
cancerspectrum.oxfordjournals.org/jnci/content/vol98/issue21/).
Together, these results relate the agonistic antibody-mediated
degradation of EphA2 with decreased transcription of VEGEF,
suggesting a possible mechanism for the observed decrease in
microvessel density with EAS treatment.

Mechanisms Linking EphA2 Reduction to Decreased
VEGF Expression

To investigate potential mechanisms by which EphA2 reduc-
tion with this agonistic antibody inhibits VEGF transcription and
subsequent expression and angiogenesis, we examined the ef-
fects of EAS treatment on phosphorylation of Src, which is im-
plicated in tumor angiogenesis and, specifically, expression of
VEGF (47-49). Src was rapidly dephosphorylated on Y419 in
SKOV3ipl cells within 10 minutes of treatment with EAS at
10 pg/mL, coincident with the observed rapid phosphorylation of
EphA2 with EAS treatment (Fig. 6, A). After addition of EAS to
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cells, VEGF levels showed a detectable decrease at 1 hour, with
a profound decrease noted at 12 hours later (Fig. 6, A).

ELISA analysis of VEGF protein was carried out to test secre-
tion of VEGF by cells after EAS treatment. This analysis revealed
that VEGF protein levels at 24 hours following EAS treatment of
SKOV3ipl cells (mean = 179 pg/mL, 95% CI = 136 to 222
pg/mL) were 41% less than those in cells treated with control IgG
(302 pg/mL, 95% CI =263 to 342 pg/mL; P =.02). VEGF levels
were also decreased in response to the Src family selective inhibi-
tor PP2, but not its inactive form PP3 (Fig. 6, B). By ELISA, there
was a 46% decrease in VEGF levels following treatment with PP2
(207 pg/mL, 95% CI = 175 to 239 pg/mL) relative to levels in
PP3-treated cells (384 pg/mL, 95% CI = 331 to 438 pg/mL)
and PBS-treated cells (338 pg/mL, 95% CI = 345 to 430 pg/mL;
P = .028). Treatment with pervanadate, an inhibitor of PTPase,
blocked EA5-mediated Src dephosphorylation (Fig. 6, C). Similar
results were obtained with phenylarsine oxide, another PTPase
inhibitor (data not shown).

To investigate whether dephosphorylation of Src occurs spe-
cifically in Src—EphA2 complexes, as opposed to in Src not as-
sociated with EphA2, we performed coimmunoprecipitation
experiments. In the absence of EAS, EphA2 was present in Src
immunoprecipitates and Src was detected in EphA2 immunopre-
cipitates (Fig. 6, D). Treatment of SKOV3ip1 cells with EAS re-
sulted in a decrease in the amount of EphA2 associated with total
Src (Fig. 6, D). To determine whether the decreased Src activity
after EAS treatment was due to a decrease in phosphorylated
Src specifically associated with EphA2, phosphorylated SrcY419
(pSrcY419) was immunoprecipitated using anti-total Src and
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Fig. 5. Immunohistochemical analysis of vascular
endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) expressionin EAS-
treated mice. Mice (n = 8) bearing intraperitoneal
HeyAS8 tumors, 17 days after intraperitoneal cell
injection, were treated with two doses of 10 mg/
kg EAS or IgG (at days 0 and 3). Mice were killed
24 hours after the first dose (day 1), 48 hours
after the second dose (day 5), or 7 days after the
second dose (day 10) and tumors harvested. A)
Immunohistochemical analysis of tumor samples
for VEGF protein by immunohistochemistry. B)
In situ hybridization analysis of tumor samples for
VEGF RNA. C) Immunohistochemical analysis
of tumor samples for bFGF protein. Numbers
in (B) indicate mean relative values of staining
intensity, on a scale in which the negative control
was assigned a value of zero and positive control
a value of 100, from four photographs, with 10
random fields on each slide selected for intensity
analysis. The 95% confidence intervals for all
groups ranged from 1.2 to 3.1, comparisons made
with student’s ¢ test and analysis of variance.
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precipitates were immunoblotted for EphA2. In SKOV3ipl1 cells
that were treated with control IgG, EphA2 coimmunoprecipitated
with SrcY#1? (Fig. 6, E). However, in cells that were treated with
EAS5, no coimmunoprecipitation of pSrcY#4!® with EphA2 was
observed. This observation suggests that EAS treatment led to a
reduction in phosphorylated Src activity in EphA2 complexes.
Finally, the expression of a candidate Src-targeting phosphatase,
PTP-BAS, which may contribute to Src dephosphorylation, was
examined in SKOV3ipl cells. Untreated cells were subjected to
immunoprecipitation with anti—-PTP-BAS, followed by immu-
noblotting for EphA2 and PTP-BAS expression. EphA2 was
found to be associated with PTP-BAS (Fig. 6, F). Collectively,
these data indicate that EAS-induced reduction in EphA2 levels
reduced Src phosphorylation and contributed to a secondary de-
crease in VEGF expression.

DiscussioN

In this study, we found that use of an agonistic antibody that
leads to a reduction in EphA2 levels, in combination with pacli-
taxel, substantially reduced tumor growth in an ovarian cancer
model, including a paclitaxel-resistant model. These effects ap-
peared to be due, at least in part, to a decrease in VEGF expres-
sion, decreased proliferation, and decreased microvessel density
through induction of apoptosis in tumor-associated endothelial
cells. The decreased VEGF expression appeared to result, at least
in part, from decreased levels of phosphorylated Src after disso-
ciation from EphA2.

One novel finding of our study is that an EphA2-agonistic an-
tibody could reduce the growth of ovarian tumors. This result is
consistent with recent EphA2-targeting studies, in which a
decrease in EphA2 expression by treatment with an agonistic an-
tibody led to inhibition of breast tumor growth (33) and siRNA-
mediated reduction in EphA2 expression led to inhibition of
growth in pancreatic and ovarian cancer models (32,34). We fur-
ther found that a reduction in EphA2 levels can increase host
survival. The mechanism of antitumor effects of EphA2 were
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further delineated with our finding that VEGF levels were re-
duced in parallel with dissociation of EphA2 from the Src onco-
protein. Previous studies have shown that Src activation is critical
for VEGF expression in ovarian tumor cells both in vitro and in
vivo (50). Thus, EphA2-agonistic antibodies may be particularly
beneficial for targeting a population of tumor cells—i.e., VEGF-
producing cells—that contribute to angiogenesis and progressive
tumor growth.

The mechanism by which reduced expression of EphA2 is
achieved does not appear to be crucial to its ability to inhibit
growth in the murine ovarian cancer model. The EA5-agonistic
antibody reduced EphA2 expression by induced phosphorylation
of the EphA2 receptor, followed by internalization and destruc-
tion (33). EAS-induced EphA2 phosphorylation also activates
other pathways, such as the mitogen-activated protein kinase
pathway (57). By contrast, siRNA therapy prevents translation
of EphA2 without activation of the receptor and subsequent
receptor-induced pathways. Nevertheless, siRNA therapy led
to a similar reduction in growth in the murine preclinical model,
both alone and in combination with paclitaxel (32). Therefore,
one of the most important aspects of anti-EphA2 therapy may
be a reduction in the absolute levels of membrane-bound EphA2.

Antibody-mediated reduction of EphA2 levels is attractive for
prolonged therapy, where a favorable balance between efficacy
and toxicity is essential for several reasons. First, EphA2 is ex-
pressed in only a few normal epithelial tissues, at low levels (17),
which should translate to decreased toxicity and a greater thera-
peutic window. Second, the selectivity of antibody-based thera-
pies may make antibodies superior to other therapies, such as
small molecule inhibitors, which often affect multiple targets,
thereby increasing the risk of side effects. Third, the EphA2-
agonistic antibody tested functions to restore a signal that is
normally provided by receptor—ligand binding, which is lost in
most cancer cells due to poor receptor—ligand interactions. The loss
of this signal arises because EphA2 normally binds ephrin-Al,
which is anchored to the membrane of adjacent cells. How-
ever, tumor cells often have unstable intercellular contacts, which
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Fig. 6. Effect of EA5 treatment of SKOV3ipl ovarian cancer cells in vitro
on Src. A) HeyAS8 cells were treated with 10 pg/mL of either nonspecific 1gG
or EAS for the indicated periods of time. Immunoblotting was performed for
phosphorylated SrcY41? (pSrcY419), total Src, phosphorylated EphA2 (pEphA2),
EphA2, vascular endothelial growth factor (VEGF), and actin. B) Cells were
treated with the Src inhibitor PP2 (10 uM) or its inactive form, PP3 (10 uM)
for the indicated times followed by immunoblotting for VEGF and actin. C)
Cells were pretreated for 5 minutes with pervanadate or vehicle control and then
treated with EAS for 10 minutes. Immunoblotting was performed for pSrcY41?
and, after stripping, for total Src. D) Cells were treated with control IgG or EAS
for 10 minutes, and lysates were subjected to immunoprecipitation (IP) for Src
(left) or EphA2 (right) followed by immunoblotting for EphA2 and Src. For
controls, immunoprecipitation with isotype control antibody (IgG) and protein A
sepharose beads (PrA) alone was also performed. E) Cells treated with either
control IgG or EAS5 were lysed and immunoprecipitated with an antibody to
pSrcY419, and immunoprecipitates were analyzed by EphA2 immunoblotting.
Separate immunoblots for EphA2 was performed from the same cell lysate (i.e.,
not immunoprecipitated). F) Untreated cells were immunoprecipitated with an
antibody for PTP-BAS followed by immunoblotting for EphA2 and PTP-BAS.
Results were confirmed with a second identically performed experiment and
separate immunoprecipitation/immunoblot.

reduces the binding efficiency of EphA2 and its ligand (9). The
biologic consequences of this alteration are profound because
ligand-bound EphA2 transmits signals that negatively regulate
tumor cell growth and migration and is then internalized and
degraded. In contrast, without ligand binding, EphA2 positively
regulates these same behaviors in tumor cells, and the lack of
internalization allows EphA2 to accumulate at the cell surface
and convey continuous promalignant signals (20). This knowl-
edge formed the basis for the studies reported here, in which we
sought to mimic the biologic and biochemical consequences of
stable ligand binding using an agonistic monoclonal antibody.
Finally, ovarian cancer is highly responsive to chemotherapy, and
the high proliferation rate of ovarian cancer cells should make them
susceptible to growth-modulating therapies. Consolidation therapy
with chemotherapy has been shown to prolong progression-free
survival (52). If EphA2 reduction proves to have a favorable side
effect profile, its use could hold promise in a prolonged consoli-
dation setting.

We observed substantial reductions in tumor growth in mice
treated with the EphA2-agonistic antibody in combination with
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paclitaxel, despite a lack of in vitro effects of the combination on
cell proliferation. Other investigators have also reported that
EphA2 reduction had a similar lack of effects in monolayer cul-
ture but inhibited growth in three-dimensional cultures (33,53).
Many factors can affect growth in vivo that are not present in
monolayer culture, including the complexity of the extracellular
matrix, vascularization, heterogeneity of cell types, circulating
growth factors, and variations in signaling that result from growth
in three-dimensional models. Given the role of EphA2 in cell
migration and signaling through the extracellular matrix, it is
plausible that EphA2 reduction would have important effects in
vivo that are not seen in vitro. Indeed, in each of the in vivo trials
reported here, EphA2 reduction in combination with paclitaxel
was more effective than paclitaxel alone.

Recent studies have shown a functional relationship between
VEGF and EphA2, but most of these studies have focused on the
role of these molecules on endothelial cell behavior. For exam-
ple, selective targeting of EphA2 prevents endothelial cells from
responding fully to VEGF and thereby negatively regulates endo-
thelial cell migration (42,43,45), sprouting (42), and survival
(42). Similarly, it has been shown that VEGF induces ephrin-Al
production and that many of VEGF’s effects proceed through the
EphA2 receptor (42). To the best of our knowledge, our finding
that reduced EphA2 in tumor cells leads to decreased VEGF
expression provides the first evidence that EphA2 is not just a
mediator of VEGF effects but also influences VEGF expression.
The reduction in VEGF with reduced EphA2 appears to be medi-
ated, at least in part, by decreasing activity of Src, which is known
to regulate VEGF expression by tumor cells (54,55). Specifically,
we demonstrated that EAS treatment led to dissociation of Src
from EphA2, resulting in decreased phosphorylation of Src on
Tyr-419. Src dephosphorylation was blocked by phosphatase
inhibitors, which indicates the requirement for a phosphatase.
A candidate phosphatase, PTP-BAS (also known as FAP-1),
which is known to be expressed in ovarian cancers (56) and to
dephosphorylate pSrcY#1? (57), was found to be physically as-
sociated with EphA2 (Fig. 6, F). Our findings therefore suggest a
novel mechanism for EphA2 targeting, in which activation of
EphA2 by an agonistic antibody and the subsequent reduction in
its levels result in Src dephosphorylation and decreased tumor
angiogenesis.

The observed antivascular activity of EAS is further supported
by its induction of endothelial cell apoptosis and reduced number
of tumor-associated endothelial cells. These effects are likely re-
lated to decreased levels of VEGEF, which is generally understood
to function as a survival factor for endothelial cells (58,59). For
example, inhibiting phosphorylation of the VEGF receptor sensi-
tizes tumor-associated endothelial cells to cytotoxic agents, lead-
ing to apoptosis (60). However, direct endothelial cell regression
has also been shown by more direct VEGF targeting, such as us-
ing VEGF-Trap to bind VEGF and prevent its activity (61). Here,
the reduction in EphA2 acted indirectly on endothelial cells by
leading to depletion of tumor-produced VEGF. In addition, ago-
nistic EphA2 antibodies can directly trigger the death of tumor
cells, as was demonstrated previously in both pancreatic tumor
cells (43,45) and endothelial cells (43). Notably, these particular
experiments were conducted with EphA2 targeting alone, not
with combination chemotherapy, and so it was not the case that
EphA2 inhibition was simply allowing taxanes to induce apopto-
sis. It is tempting to speculate that EphA2 reduction may also
affect vasculogenic mimicry, whereby aggressive tumor cells
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take on the properties of endothelial cells and can line tubular
structures that carry blood into tumors. This phenomenon has
been demonstrated in ovarian and other cancers (62,63), and
EphA2 plays a functional role in the ability of aggressive tumor
cells to form extracellular matrix-rich vasculogenic-like net-
works in three-dimensional culture (64,65). It is possible that
EphA2 targeting decreases microvessel density by affecting both
tumor-associated endothelial cells and those tumor cells that
adopt an endothelial-like phenotype.

Limitations of this study include those inherent to preclinical
studies, including using a finite number of cell lines that may have
less variability than the myriad of patients with ovarian cancer
and use of athymic mice that have a different immune response
than human patients. Additionally, the therapeutic antibody used
in this study recognizes only human EphA2. Although recognition
of EphA2 on both tumor cells and endothelial cells may allow
even greater therapeutic efficacy, it may also lead to toxicities not
seen in the mouse model.

In summary, the findings herein provide a new understanding
of EphA2 function in tumor cells and suggest that selective tar-
geting of molecules on tumor cells can have direct effects on the
tumor while concomitantly depriving the microvasculature of an
essential survival factor. Combining EphA2-agonistic antibodies
with cytotoxic agents further enhanced this dual mechanism.
Future investigation will be necessary to determine whether
this strategy will translate into a new opportunity for clinical
intervention against the large number of tumors that overexpress
EphA2, most notably ovarian cancer.
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